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Abstract
Saturated free fatty acids (FFAs), e.g. palmitate, have long been shown to induce toxicity and cell
death in various types of cells. In this study, we demonstrate that cAMP synergistically amplifies the
effect of palmitate on the induction of cell death in human hepatocellular carcinoma cell line, HepG2
cells. Elevation of cAMP level in palmitate treated cells led to enhanced mitochondrial fragmentation,
mitochondrial reactive oxygen species (ROS) generation and mitochondrial biogenesis.
Mitochondrial fragmentation precedes mitochondrial ROS generation and mitochondrial biogenesis,
and may contribute to mitochondrial ROS overproduction and subsequent mitochondrial biogenesis.
Fragmentation of mitochondria also facilitated the release of cytotoxic mitochondrial proteins, such
as Smac, from the mitochondria and subsequent activation of caspases. However, cell death induced
by palmitate and cAMP was caspase-independent and mainly necrotic.
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Introduction
Exposure of non-adipose cells, including β-cells, cardiomyocytes and hepatocytes, to excess
free fatty acids (FFAs) has been shown to induce lipotoxicity and cell death [1-9]. While
elevated unsaturated FFAs, such as oleate and linoleate, are better tolerated, elevated saturated
FFAs, such as palmitate, can cause cellular damage and even cell death [1,2]. cAMP (cyclic
adenosine monophosphate), an important second messenger, has been shown to protect
pancreatic β-cells from palmitate induced apoptosis [10,11]. In addition, cAMP was also
reported to protect hepatocytes from bile acid [12,13], Fas ligand [13,14] and TNF-α [13,15]
induced apoptosis. Previous study in our group indicated that intracellular cAMP level in
HepG2 cells was reduced significantly by palmitate, but not oleate or linoleate [16]. Therefore,
we initially hypothesize that the down-regulation of cAMP by palmitate may play a role in the
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induction of cell death. However, restoring cAMP levels in HepG2 cells did not rescue the
cells from palmitate-induced toxicity. Moreover, when cAMP level was increased to a high
concentration, it synergized with palmitate to promote cell death. cAMP has been proposed as
a potential drug target for type 2 diabetes [17], since it appears to enhance insulin secretion.
Given that FFAs, which are elevated in obesity and diabetes [18-20], can induce hepatotoxicity,
it warrants evaluating the effect of cAMP in the presence of elevated FFAs. In this study, we
assess the effect of cAMP on hepatotoxicity and cell death under elevated levels of FFAs.

Mitochondria serve as an integrator for cell death and survival signals [21,22], regulating both
apoptosis and necrosis. The onset of mitochondrial membrane permeabilization (MMP)
releases a number of cytotoxic proteins, such as cytochrome C and Smac (second mitochondria-
derived activator of caspase), from the intermembrane space of mitochondria [23]. Release of
these cytotoxic proteins activates both caspase-dependent and independent cell death [23] and
such release can be controlled by mitochondrial morphology. In healthy cells, the mitochondria
display an elongated and interconnected structure. When a cell becomes apoptotic, its
mitochondrial network is disrupted into short and disconnected structure [24,25].
Mitochondrial function is also altered in necrosis, manifesting in diminished mitochondrial
ATP production [26]. Apoptosis and necrosis can occur simultaneously in the same cell. Cells
in late stage apoptosis may contain necrotic features due to the energy loss and permeabilization
of the plasma membrane [27].

Regulation of cell death by mitochondria is intimately tied with generation of reactive oxygen
species (ROS) in the mitochondria [28]. Superoxide anion (O2

−·), which is the precursor of
most ROS, is primarily generated at Complex I and Complex III in the mitochondria [28].
O2

−· itself is not a strong oxidant. Dismutation of superoxide by superoxide dismutase (SOD)
can produce a stronger oxidant, hydrogen peroxide (H2O2), which can be partially reduced to
generate one of the strongest oxidants, hydroxyl radical (HO·) [29]. Together these oxidants
can damage cellular components, proteins and resulted in cell death [29].

This study aims to evaluate how cAMP and FFAs affect hepatocyte survival and death
behavior. Our results suggest that a high cAMP level potentiate mitochondrial fragmentation,
mitochondrial ROS generation and necrotic cell death initiated by palmitate.

Materials and methods
Cell culture and materials

Human hepatocellular carcinoma cell line HepG2 cells were obtained from American Type
Culture Collection. Cells were cultured in DMEM (Dulbecco’s modified Eagle’s medium)
(Invitrogen) containing 10% FBS (fetal bovine serum) (Invitrogen) and 2% PS (Penicillin-
Streptomycin) (Invitrogen) at 37°C in 10% CO2 atmosphere incubator. Saturated free fatty
acid palmitate, monounsaturated free fatty acid oleate and polyunsaturated free fatty acid
linoleate were purchased from Sigma in the form of sodium salts. These free fatty acids were
prepared in medium containing 4% (w/v) fatty acid free BSA (bovine serum albumin)
(USBiologicals) at concentration of 0.7 mM. In this study, we used 0.7 mM FFAs concentration
since several studies have reported the physiological plasma FFAs level in obese and diabetic
patients is around 0.7 mM [18-20]. For palmitate, concentrations of 0.2 mM and 0.4 mM were
also prepared. 4% (w/v) BSA in culture medium (medium/BSA) was used as control. 1 μM or
10 μm Forskolin (Sigma), 100 μM isobutylmethylxanthine (IBMX) (Sigma), 1 μM 8CPT-2Me-
cAMP (Sigma) and 100 nM glucagon (Sigma) were used to restore cAMP levels. 25 mM N,
N’-Dimethylurea (DMU) (Sigma), 100 μg/ml catalase (Sigma), 5 μM Copper (II) 3,5-
diisopropylsalicylate (Cu-DIPS) (Sigma) and 50 μM MnTBAP (Biomol) were used as reactive
oxygen species scavengers. 10 μM etomoxir (Sigma) was used to inhibit fatty acid oxidation.
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Measurement of cytotoxicity
The cytotoxicity of the treatments was measured by release of LDH (lactate dehydrogenase)
into the medium according to the manufacture’s instructions (Roche Applied Science) as
previously described [6]. Briefly, medium was collected after 24 hours. Cells were lysed in
1% Triton-X100 in PBS at 37°C overnight and supernatant was collected. LDH released into
medium was denoted as LDHm, and LDH that was retained in the cells was denoted as
LDHc. LDH activity was measured by the colorimetric assay kit (Roche Applied Science) using
plate reader SPECTRAmax plus384 from Molecular Device. Percentage of release was
calculated by the following equation: LDH release %= LDHm/(LDHm+LDHc)*100.

cAMP assay
Intracellular cAMP levels were measured by a competitive immunoassay from Assay Designs
according to the manufacturer’s instructions. In brief, cells were lysed with 0.1 M HCl and
supernatants were collected. cAMP in the samples or standards was allowed to bind to a
polyclonal cAMP antibody in a competitive manner with alkaline phosphatase-conjugated
cAMP. Cleavage of the substrate by the alkaline phosphatase is inversely proportional to the
cAMP level in the samples or standards. Colorimetric readings were taken by SPECTRAmax
plus384 from Molecular Device at 405 nm. All the readings were normalized to protein level
(μg/ml) by bradford assay.

Caspase 3 activity was measured by a kit from BIOMOL according to the manufacture’s
instructions. Briefly, Cell extracts were incubated with substrate Ac-DEVD-AMC. The
cleavage of the substrate will generate fluorescence which is proportional to the concentration
of the active caspase 3 in cell extracts. Fluorescence was measured by Spectra MAX GEMINI
EM plate reader at excitation of 360 nm and emission of 460 nm. All the readings were
normalized to protein levels (μg/ml) by bradford assay.

Measurement of reactive oxygen species (ROS)
Cellular ROS levels were measured using a cell-permeable probe 2′,7′-Dichiorofluorescin
diacetate (DCFDA) (Sigma). Cells were loaded with 10 μM DCFDA in PBS for 30 minutes.
After washing cells with PBS twice, fluorescence was measured by Spectra MAX GEMINI
EM plate reader at excitation of 495 nm and emission of 525 nm. All the readings were
normalized to protein levels (μg/ml) by Bradford assay. Mitochondrial superoxide levels were
measured using MitoSOX (Invitrogen) mitochondrial superoxide indicator. Cells were loaded
with 2.5 μM MitoSOX for 10 minutes at 37°C. After washing cells with PBS twice,
fluorescence was measured by Spectra MAX GEMINI EM plate reader at excitation of 510
nm and emission of 580 nm. Mitochondrial superoxide was also detected by confocal
microscopy. Similarly, cells cultured in glass-bottom plate (Nunc) were loaded with 2.5 μM
MitoSOX for 10 minutes at 37°C and then washed with PBS twice. Fluorescence images were
taken with a confocal microscope, Olympus FluoView 1000.

Mitochondria extraction
Mitochondria were extracted using a kit from Pierce. In brief, cells were harvested and washed
with PBS once. Reagent A from the kit was added to swell cells on ice. Two minutes later,
reagent B was added to lyse the cells. Lysis was carried out by vigorously vortexing every one
minute for up to five minutes. Then mitochondria were stabilized by reagent C. Cell suspension
was spinned at 700 g for 10 minutes at 4°C to pellet nuclei and cell debris. Supernatant was
centrifuged at 12,000 g for 15 minutes at 4°C to pellet mitochondria. Supernatant was saved
as cytosolic fraction, and mitochondria pellets were washed and lysed with SDS-PAGE sample
buffer.
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Western Blot
Mitochondrial-cytosolic extracts were separated by 10% or 16% Tris-HCl gel and transferred
to nitrocellulose membrane. Membranes were then blocked in 5% milk in 0.05% Tween-TBS
(tris buffered saline) (USB corporation) for one hour and incubated with primary Smac
antibody (Cell Signaling), Bcl2 antibody (Cell Signaling) and GAPDH antibody (Cell
signaling) overnight at 4°C. Anti-mouse (Pierce) or anti-rabbit (Pierce) HRP-conjugated
secondary antibody were added the second day after primary antibody incubation. The blots
were incubated for one hour at room temperature and then washed with 0.05% Tween-TBS
three times. The blots were visualized by using SuperSignal west femto maximum sensitivity
substrate (Pierce).

DNA content and fragmentation
DNA content was measured by labeling DNA with PI (propidium iodide). In brief, harvested
cells were fixed with 70% ethanol on ice for 2 hours. RNA was digested by RNase and then
DNA was labeled with PI. Labeled samples were measured for DNA contents by flow
cytometer BD FACSVantage. Sub-G1 peak was identified as the peak to the left of G0/G1
peak.

Annexin V-PI staining
Apoptosis was measured by the annexin-V-PI (propidium iodide) staining kit (Invitrogen)
according to the manufacturer’s instructions. Cells were stained with alexa fluor 488
conjugated annexin-V and PI in 1X annexin binding buffer for 15 minute at room temperature
and then subjected to flow cytometry analysis by BD FACSVantage. Apoptotic cells were
identified as those stained with alexa fluor 488 and showed green fluorescence. Dead cells
were those stained with PI and late apoptotic cells were those stained positive for both alexa
fluor 488 and PI.

Mitochondria and Smac staining
Mitochondria were labeled using MitoTracker Red (Invitrogen) according to the manufacture’s
instructions. In brief, cells were incubated with 200 nM MitoTracker Red in warm medium for
30 minutes. Stained cells were washed with warmed PBS and fixed with 3.7% formaldehyde
at 37°C for 15 minutes. Cell membrane was pearmeabilized with 2% Triton-X100 for 10
minutes at room temperature. After washing the cells with PBS twice, they were incubated in
1% BSA for 20 minutes at room temperature. Cells were then incubated in anti-mouse Smac
primary antibody (Cell Signaling) for 1 hour at room temperature. After washing with PBS
three times, cells were incubated in Alexa Fluor-488 conjugated goat anti-mouse secondary
antibody for 1 hour at room temperature. Cells were then washed with PBS three times and
counterstained with DAPI for 5 minutes. Excess dye was removed by washing and glass
coverslips were mounted in ProLong Gold (Invitrogen). Fluorescence images were taken by
confocal microscope Olympus FluoView 1000. Percentage of cells with fragmented
mitochondria was calculated based on three replicates, with two representative images from
each replicate.

Determination of mitochondrial mass
Mitochondrial mass was determined by staining mitochondria with MitoTracker Green FM
(Invitrogen). Cells were incubated in 200 nM MitoTracker Green FM in warm medium for 30
minutes and then washed with warm PBS three times to get rid of excess dye. Fluorescence
was read by Spectra MAX GEMINI EM plate reader with excitation at 490 nm and emission
at 516 nm. Fluorescence was normalized to protein levels (μg/ml) which were measured by
bradford assay.
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Assessment of triglyceride storage
Triglyceride storage was assessed by Oil Red O staining. Cells were fixed in 3.7%
formaldehyde for 30 minutes at room temperature and rinsed with PBS three times (5~10
minutes each time). Cells were rinsed again with water twice. Six parts 0.36% Oil Red O was
mixed with four parts deionized water to make Oil Red O working solution. Enough Oil Red
O working solution was added into each well and plate was incubated at room temperature for
50 minutes. Excess dye was removed by washing cells with water for three times. Images were
taken by Leica RT Color from Diagnostic Instruments. Triglyceride levels were also quantified
by an assay from BioVision according to the manufacture’s instructions. In brief, samples were
collected with 5% Triton-X100. Triglyceride standards and samples were loaded in a 96-well
plate. Lipase was then added into each well for 20 minutes at room temperature to convert
triglyceride to glycerol and fatty acids. Glycerol is then oxidized in an enzyme mix reaction to
generate a product that reacts with the probe, which can then be detected using the colorimetric
methods at 570 nm by SPECTRAmax plus384.

Statistical analysis
Statistical analysis were carried out by an unpaired, two tail student T-test. * indicates p<0.05,
** indicates p<0.01 and *** indicates p<0.001.

Results
Palmitate induced cell death in HepG2 cells

Previous work had ascribed a lipotoxic effect to saturated FFAs, i.e. palmitate [1,2]. We
evaluated the effect of palmitate as well as unsaturated FFAs, oleate and linoleate, on HepG2
cells. The toxicity, as indicated by LDH release, was observed in palmitate-treated but not
oleate- and linoleate treated HepG2 cells (Fig. 1A). In addition, cell staining with propidium
iodide (PI, labels dead cells and late apoptotic cells) and Alexa Fluor 488-conjugated annexin
V (labels early and late apoptotic cells) indicated that palmitate treatment significantly
increased the necrotic (PI positive and annexin V negative) and late apoptotic cell populations
(PI positive and annexin V positive) (Fig. 1B). Linoleate also increased the necrotic cell
population but much less than with palmitate treatment (Fig. 1B). Palmitate treatment did not
affect the population of early apoptotic cells, which was slightly increased in the oleate and
linoleate conditions (Fig. 1B).

Palmitate dose dependently reduce intracellular cAMP levels
Previously we showed that intracellular cAMP level was reduced by palmitate but not oleate
or linoleate in HepG2 cells [16]. The effect of palmitate on cAMP levels was also dependent
on the palmitate concentration. cAMP level was increased slightly by 0.2 mM palmitate and
significantly by 0.4 mM palmitate, whereas a high concentration of palmitate (0.7 mM)
decreased cAMP level significantly (Fig. 2A). Since the high concentration palmitate caused
significant cell death, we assessed whether restoring cAMP level to near control level would
prevent cell death. Intracellular cAMP levels were restored by IBMX (phosphodiesterase
inhibitor), forskolin (adenylyl cyclase agonist), 8CPT-2Me-cAMP (cell-permeant cAMP
analog) and glucagon (a hormone that activates adenylyl cyclase). 100 μM IBMX, 1 μM
forsolin, 1 μM 8CPT-2Me-cAMP and 100 nM glucagon restored cAMP levels to near control
level in the 0.7 mM palmitate condition (Fig. 2B). A combination of 10 μM forskolin and 100
μM IBMX was also evaluated, which achieved an even higher level of cAMP (Fig. 2B).

cAMP and palmitate synergistically promote cell death at high concentrations
Studies in β-cells indicated that apoptosis was reduced upon supplementation with cAMP
increasing agents [10]. However, another study suggested that although apoptosis was reduced,
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the mode of cell death was switched to necrosis upon cAMP elevation in the palmitate condition
[11]. When we used IBMX, forskolin, 8CPT-2Me-cAMP or glucagon to restore cAMP levels
to the control level, the mode and level of cell death remained unchanged in the 0.7 mM
palmitate conditions (Fig. 3A). However, when cAMP was increased to a high level by
supplementing with forskolin and IBMX (abbreviated as FI), it caused a significant increase
in the necrotic cell population (Fig 3A). When the same concentration of FI was used to co-
treat cells in control, 0.4 mM palmitate, 0.7 mM palmitate or 0.7 mM oleate, the synergistic
increase in necrotic cell death was not observed (Fig 3B).

The increase in the sub-G1 population attests further to the synergistic effect of elevated
palmitate concentration and cAMP on cell death. Small fragmented DNA can be washed out
from cells, leaving a sub-G1 peak to the left of the G0/G1 peak [30]. Compared with the control
cells (Fig. 4A), cells treated with 0.7mM palmitate had a small population of sub-G1 cells (Fig.
4C). The addition of FI increased the sub-G1 population (Fig. 4D), suggestive of further DNA
fragmentation, in palmitate but not in the control cells (Fig. 4B). Cells in different cell cycle
phases, including sub-G1 cells, were quantified and shown in Fig. 4E. Significant increase in
sub-G1 phase cells was already observed 12 hours after 0.7mM palmitate treatment. The
synergistic or additive effect of cAMP in promoting DNA fragmentation in the palmitate
culture was not observed at 12 hours, (Fig. 4E). However at 24 hours, cAMP increased the
sub-G1 fraction significantly in the palmitate condition (Fig. 4E). Although palmitate alone
decreased the G2/M phase cells, the addition of FI did not reduce the S phase or G2/M phase
cells but rather increased the G2/M phase cells at 12 hours (Fig. 4E). Since cAMP did not
prevent cell cycle progression, the increase in cell death caused by cAMP in the palmitate
condition is not likely the result of DNA-damage induced cell cycle arrest at the checkpoint.

cAMP and palmitate induced cell death is not caused by palmitate β-oxidation
Mitochondria are the main sites for fatty acid β-oxidation, with acetyl-CoA as one of the
primary products. The majority of acetyl-CoA enters the TCA cycle, whereas a small
proportion will undergo ketogenesis in the mitochondria matrix [31]. Unused FFAs can be
stored in the form of triglyceride in the cytosol. The capacity of non-adipose cells to store FFAs
as triglyceride is limited. A previous study indicated that storage of oleate as triglyceride
protected non-adipose cells from lipotoxicity, whereas palmitate was poorly incorporated into
triglyceride and therefore led to apoptosis [32]. When we measured the level of triglycerides
in HepG2 cells, we found that oleate and linoleate were more likely to be stored as triglyceride
than palmitate (Fig. 5A, 5B, 5C and 5D). This is in accordance with our previous finding that
oxidation is higher with palmitate than with the unsaturated FFAs [16]. Given that the
mitochondria serve as primary sites for FFA β-oxidation, enhanced palmitate oxidation may
be related to enhanced mitochondrial biogenesis. Therefore we measured the mitochondria
mass and found a significant increase in the 0.7 mM palmitate condition (Fig. 6A). Although
0.7 mM greatly enhanced mitochondrial biogenesis in the palmitate treatment, this effect was
not observed in the oleate treatment (Fig. 6A). This could be due to the higher ability of oleate
to be stored as triglycerides [37]. However, the addition of FI stimulated mitochondrial
biogenesis, regardless of the treatment condition (Fig. 6A). This effect was most obvious in
the co-treatment of FI with 0.7 mM palmitate (Fig. 6A). Since mitochondria are the primary
sites for FFA β-oxidation and cAMP promoted mitochondrial biogenesis to a greater extent in
palmitate, we expected that the addition of FI would enhance FFAs β-oxidation and reduce
triglyceride storage. However, supplementing FI in the control and the different FFAs did not
appear to give a visual difference in triglyceride levels according to Oil Red O staining for
triglycerides (Fig. 5E, 5F, 5G and 5H). For further confirmation, we quantified the triglyceride
levels. Indeed, supplementing with FI did not change the triglyceride levels (Fig. 5I). It appears
that mitochondrial biogenesis did not further enhance FFA β-oxidation. The lower triglyceride
level in the palmitate condition was already apparent at 5 and 12 hours after treatment
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(Supplementary Fig. S1), whereas mitochondrial biogenesis occurred at a much later time point
(Fig. 6B), indicating that β-oxidation occurred prior to mitochondrial biogenesis.

Palmitate was oxidized to a higher extent than oleate and caused significant cell death in HepG2
cells, therefore we assessed whether inhibiting palmitate β-oxidation would reduce or prevent
cell death. When the FFAs oxidation inhibitor etomoxir was employed, it did not affect the
cell death observed in palmitate, as reported previously [33]. Etomoxir decreased the necrotic
population only slightly in the palmitate supplemented with FI condition (Fig. 5J), suggesting
that cell death induced by palmitate and palmitate supplemented with FI was not due to β-
oxidation.

cAMP synergized with palmitate to alter mitochondria morphology and integrity
Mitochondria are not only primary sites for FFA β-oxidation, but also play an important role
in cell death and survival [34]. In healthy cells, mitochondria exhibit elongated and connected
morphology. When cells are subjected to apoptotic stimuli, mitochondria fragment into small
and disconnected mitochondria [24,25]. Control HepG2 cells exhibited long and connected
thread-like mitochondria structure (Fig. 7A). When the cells were subjected to 0.7 mM
palmitate treatment, the mitochondria morphology changed dramatically. The interconnected
network was disrupted and collapsed into short disconnected morphology (Fig. 7C). The
elongated mitochondria network also condensed and collapsed to the perinuclear locations
(Fig. 7C, arrow heads). The addition of FI to the control cells did not alter the connectivity of
the mitochondria network (Fig. 7B, arrows), however supplementing the palmitate medium
with FI continued the disconnected and punctuate mitochondria structure (Fig. 7D, arrow
heads) in a higher population of cells (Fig. 7E). No mitochondrial fragmentation was observed
in the 0.2 mM palmitate condition (Supplementary Fig. S2B, arrows). When palmitate
concentration was increased to 0.4 mM, mitochondrial fragmentation had begun to occur and
a number of cells had disconnected and punctuate mitochondria structure (Supplementary Fig.
S2C, arrow heads), whereas the majority of cells still have elongated mitochondria network as
indicated by the arrow (Supplementary Fig. S2C). As the palmitate concentration was further
increased to 0.7 mM, more cells showed short and disconnected mitochondria structures
(Supplementary Fig. S2D). Fragmentation of mitochondria is associated with cell death and
the release of cytotoxic proteins that reside in the intermembrane space [24]. In accordance
with the mitochondrial fragmentation observed in the high palmitate condition, we detected
less Smac in the mitochondria and relatively more Smac in the cytosol (Supplementary Fig.
S3). Indeed, Smac colocalized in the mitochondria in the control (Fig. 7F) and control
supplemented with FI conditions (Fig. 7G), since almost no green fluorescence was observed
outside the mitochondria. However more cytosolic Smac (indicated by the green fluorescence)
was released into the cytosol in the palmitate (Fig. 7H) and palmitate supplemented with FI
conditions (Fig. 7I), suggesting that the mitochondrial membrane integrity was compromised.
We also observed that the mitochondrial anti-apoptotic protein Bcl2 level was further reduced
by FI supplementation (Supplementary Fig. S3). Bcl2 is an anti-apoptotic protein that
antagonizes pro-apoptotic proteins, such as Bax, thereby preventing the release of cytotoxic
proteins from the mitochondria [22]. The significant decrease in mitochondrial Bcl2 protein
induced by the addition of FI to palmitate treated cells may disrupt the outer mitochondria
membrane integrity [35]. As a consequence, cytotoxic proteins, such as Smac which promotes
caspase activation by inhibiting the inhibitor of apoptosis (IAP), are more likely to be released
into the cytosolic compartment [22]. In support, caspase 3 activity was highest in the palmitate
supplemented with FI condition (Fig. 8A), which had the highest level of mitochondrial
fragmentation (Fig. 7E) and lowest level of mitochondrial Bcl2 (Supplementary Fig. S3).

Since caspase 3 activity was activated by 0.7 mM palmitate and significantly increased by FI
supplementation (Fig. 8A), we assessed whether caspase was involved in causing the cell death.
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When the pan caspase inhibitor Z-VAD-FMK was used to inhibit caspase activity, late
apoptosis and necrosis were not reduced (Fig. 8B), suggesting that the cell death induced by
palmitate and cAMP was caspase-independent. This is not too surprising given that the majority
of the population under this condition is necrotic as opposed to apoptotic.

cAMP synergized with palmitate to enhance ROS generation in mitochondria
Mitochondria are also the primary sites for ROS generation. Although palmitate β-oxidation
was not the cause of cell death, generation of ROS at Complex I and Complex III during the
process of oxidative phosphorylation through the electron transport chain in the mitochondria
can induce cell death [28]. Excessive ROS generation can result in cellular damage and cell
death. Mitochondrial superoxide anion (O2

−·) was increased significantly in the palmitate
condition after 24 hours (Fig. 9B) as compared with the control (Fig. 9A). Moreover, the short,
disconnected and perinuclear mitochondria appeared to have higher O2

− · levels (Fig. 9B, arrow
heads). Quantification of mitochondrial O2

−· levels indicated that palmitate did not induce an
increase in mitochondrial O2

−· levels at 5 or 12 hour, but a significant increase was observed
at 24 hours (Fig. 9C). Elevating cAMP level by FI synergistically increased the mitochondrial
O2

−· levels at 24 hours (Fig. 9C). O2
−· is the precursor of stronger ROS, such as hydrogen

peroxide (H2O2) and hydroxyl radical (HO·) [28]. When whole cell ROS levels were measured,
higher ROS activity was detected in the palmitate condition 24 hours after treatment (Fig. 9D).
Similar to the mitochondrial superoxide levels, the cellular ROS level did not increase at 5 and
12 hours. However at 24 hours, FI induced a slight increase in ROS level in the palmitate
condition albeit not significantly (Fig. 9D).

In order to evaluate whether ROS production contributes to the cell death induced by palmitate
and palmitate supplemented with FI, we used several ROS scavengers. The ROS scavengers
employed were: DMU for hydroxyl radicals, catalase for hydrogen superoxide, Cu-DIPS and
MnTBAP for superoxide. Employing DMU or catalase resulted in a decrease in both late
apoptotic cells and necrotic cells caused by palmitate, however, the decrease was not significant
(Fig. 9E). When DMU and catalase were used simultaneously, both late apoptosis and necrosis
were reduced significantly in the palmitate condition (Fig. 9E). Similarly, DMU and catalase
together significantly reduced late apoptosis and necrosis in palmitate supplemented with FI.
DMU itself also significantly reduced both late apoptosis and necrosis but catalase only
significantly reduced necrosis (Fig. 9E). The superoxide scavengers Cu-DIPS and MnTBAP
did not decrease cell death (data not shown). This is likely due to the reduction of O2

−· by Cu-
DIPS and MnTBAP to generate the stronger ROS, H2O2 and HO· [28] which would be expected
to further continue the damage to the cells. Although the H2O2 and HO· scavengers reduced
cell death, H2O2 and HO· are not likely the reason that cell death was initiated. At 5 and 12
hours of palmitate and palmitate supplemented with FI treatment, cell death had already been
initiated (Supplementary Fig. S4) but the ROS level did not increase until 24 hours (Fig. 9D).
However, ROS generation may be linked to mitochondrial fragmentation. At 12 hours, some
cells already had fragmented mitochondria in the 0.7mM palmitate condition (Supplementary
Fig. S5A, arrow heads). This is especially the case for the cells with fragmented nucleus
(Supplementary Fig. S5B, rectangle), their mitochondria were all short and disconnected
(Supplementary Fig. S5C, arrow heads). The short and disconnected mitochondria tend to have
higher ROS levels (Fig. 9B, arrow heads). Therefore, mitochondria fragmentation precedes
ROS generation and may have contributed to the ROS produced.

Discussion
Lipotoxicity induced by palmitate has been demonstrated in a number of different cell types.
In human HepG2 cells, both apoptotic behaviors, such as caspase 3 activation (Fig. 8A) and
annexin V labeling for phosphatidylserine (Fig. 1B), and necrotic behaviors, such as propidium
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iodide (PI) penetration (Fig. 1B), have been observed for palmitate-induced cell death. Many
obese and diabetic patients have high plasma FFAs levels [18-20]. cAMP has been proposed
as a potential drug target for type 2 diabetes [17] due to it ability to stimulate pancreatic β-cell
insulin secretion. Given that elevated FFAs can induce hepatotoxicity, it warrants evaluating
the effect of cAMP under the circumstance of high FFAs. In this study, we evaluated the effect
of cAMP on hepatotoxicity and cell death under elevated FFAs conditions. A high cAMP level
achieved by adding 10 μM forskolin and 100 μM IBMX (abbreviated as FI) promoted
palmitate-induced cell death in a synergistic manner (Fig. 3 and 4). The increase in cell death
caused by cAMP supplementation was mostly necrotic (Fig. 3B), without an increase in the
early apoptotic population (Supplementary Fig. S4), and further appeared to be caspase-
independent (Fig. 8B).

Lipotoxicity caused by palmitate may be related to its lower ability to be stored in the form of
triglyceride [32]. Reduced cytoxicity and cell death in HepG2 cells was achieved by inhibiting
NADH dehydrogenase (complex I), which was accompanied by enhanced triglyceride storage
[36]. While oleate and linoleate are more likely to be stored as triglyceride (Fig. 5B and 5C),
palmitate was less likely to be stored in the form of triglycerides (Fig. 5D and 5I). The lower
ability of palmitate to be stored as triglyceride may contribute to its enhanced oxidation in
mitochondria. Indeed, our previous study showed that palmitate was oxidized more than oleate
and linoleate by the HepG2 cells [16]. The total mitochondrial mass was increased significantly
in the palmitate condition but not in the oleate condition (Fig. 6A). Since mitochondria are the
primary sites for FFA β-oxidation, we initially assumed that the induction of mitochondrial
biogenesis would allow more palmitate to undergo β-oxidation and therefore have less
triglyceride to be stored. cAMP can promote mitochondrial biogenesis by directly regulating
mitochondrial related genes or indirectly by inducing the expression of transcriptional
coactivator, PGC-1α [37]. When FI was added to the different conditions, mitochondrial
biogenesis was enhanced in all cases, but the extent was much higher in the palmitate condition
(Fig. 6A). However, the addition of FI did not cause a significant change in triglyceride levels
(Fig. 5I). A time-dependent study indicated that mitochondrial biogenesis occurred later than
triglyceride storage (Fig. 6B and Supplementary Fig. S1), indicating that mitochondrial
biogenesis would not likely contribute to reduced triglyceride storage in the palmitate
condition. Therefore, even though FI increased mitochondrial biogenesis (Fig. 6A),
triglyceride levels were not affected (Fig. 5I). Since the palmitate condition had higher β-
oxidation [16] and lower triglyceride storage (Fig. 5I), we assessed whether palmitate β-
oxidation is involved in palmitate-induced cell death. When β-oxidation was inhibited by
etomoxir, no change in cell death was observed (Fig. 5J), suggesting that palmitate β-oxidation
was not the cause of cell death.

Although β-oxidation was not the cause of cell death, generation of ROS by oxidative
phosphorylation through the mitochondrial electron transport chain can damage cells [36].
Indeed, inhibiting NADH dehydrogenase (complex I), one of the primary sites for ROS
generation, reduced the cytotoxicity induced by palmitate treatment [36]. Superoxide (O2

−·),
which is the precursor of most ROS, was much higher in the palmitate condition and further
increased upon FI supplementation (Fig. 9C). In addition to mitochondrial O2

−· levels, total
cellular ROS levels were also much higher in the palmitate condition (Fig. 9D).

Mitochondrial O2
−· levels correlated with mitochondrial biogenesis (Fig. 6B and 9C). Whether

mitochondrial biogenesis promote mitochondrial O2
− · generation or mitochondrial O2

− ·
generation promote mitochondrial biogenesis still remains a question. From our results, it is
unlikely that mitochondrial biogenesis itself promoted mitochondrial O2

−· generation, since
FI supplementation promoted mitochondrial biogenesis in the control and oleate conditions
(Fig. 6A) but no increase in mitochondrial O2

−· levels was observed in these two conditions
(supplementary Fig. S6). It is possible that O2

−· generation may enhance mitochondrial
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biogenesis. Previous studies have suggested that ROS can enhance nuclear respiratory factor-1
(NRF-1) and mitochondrial transcription factor A (Tfam), which are involved in regulating
mitochondrial biogenesis [38,39].

Generation of ROS, however, may be linked to mitochondrial fragmentation. A previous study
has indicated that changes in mitochondrial morphology resulted in ROS overproduction
[40]. We showed that palmitate induced morphological changes in the mitochondria, causing
long interconnected networks (Fig. 7A) to become short disconnected structures located in the
perinuclear (Fig. 7C). When HepG2 cells were subjected to palmitate and FI, mitochondrial
fragmentation was further enhanced (Fig. 7D), judging by the increase in the total number of
cells with fragmented mitochondria (Fig. 7E). Under the conditions of high percent of
mitochondrial fragmentation, mitochondrial O2

−· and total cellular ROS levels were also high
(Fig. 9C and 9D). The occurrence of mitochondrial fragmentation precedes mitochondrial ROS
generation. At 12 hours, mitochondrial fragmentation had already begun to occur in the 0.7
mM palmitate condition (Supplementary Fig. S5), while ROS generation was not much higher
than control until after 12 hours (Fig. 9D). In addition, the fragmented mitochondria tend to
have higher superoxide (O2

−·) levels as denoted by the arrow heads in Fig. 9B. Thus it is likely
that mitochondrial fragmentation contributed to ROS overproduction. ROS overproduction, in
turn, further damages the mitochondria, and as a self defense mechanism, damaged
mitochondria stimulates the synthesis of new mitochondria to ameliorate the damage [41].
However, what regulates mitochondrial fragmentation still remains an open question. Recent
work in our lab indicated that endoplasmic reticulum (ER) stress was observed several hours
after palmitate treatment (unpublished data). ER stress can induce the release of Ca2+ from the
ER [42]. Release of Ca2+ can activate the Ca2+ and calmodulin-dependent phosphatase
calcineurin [43]. Calcineurin has been shown to dephosphorylate dynamin-related protein 1
(Drp1), a key protein involved in mitochondria fragmentation, and promote mitochondrial
fragmentation [44]. Therefore, it is possible that palmitate, which has been shown to induce
ER stress [45], initiated Ca2+ release and activated calcineurin, which subsequently activates
Drp1 and leads to mitochondrial fragmentation.

In summary, cAMP promoted cell death in the presence of high level of palmitate in a
synergistic or additive manner in HepG2 cells. The many effects exerted by palmitate on the
mitochondria, such as mitochondrial fragmentation, mitochondrial ROS generation, and
mitochondrial biogenesis, were amplified by cAMP supplementation. Mitochondrial
fragmentation appears to precede ROS generation and may have contributed to mitochondrial
ROS overproduction, which in turn stimulated mitochondrial biogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) LDH release from cells in medium/BSA (ctrl), 0.7 mM oleate, linoleate and palmitate for
24 hrs. (B) Apoptotic and necrotic labeling by PI (propidium iodide) and Alexa Fluor-488
conjugated annexin V for cells in medium/BSA (ctrl), 0.7 mM oleate, linoleate and palmitate
for 24 hrs. Early apoptotic cells: PI− annexin V+ cells; late apoptotic cells: PI+ annexin V+

cells; necrotic cells: PI+ annexin V− cells (n=3). *: p<0.05; **: p<0.01; ***: p<0.001.
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Fig. 2.
(A) Intracellular cAMP levels of cells in control, 0.2 mM palmitatate (0.2-P), 0.4 mM
palmitatate (0.4-P), 0.7 mM palmitatate (0.7-P), 0.7 mM oleate (0.7-O) and 0.7 mM linoleate
(0.7-L) for 24 hrs (n=4). (B) Intracellular cAMP levels of cells in control, 0.7 mM palmitatate
(P), 0.7 mM palmitatate supplemented with 100 μM IBMX (P+I), 0.7 mM palmitatate
supplemented with 1 μM forskolin (P+F), 0.7 mM palmitatate supplemented with 1 μM
8CPT-2Me-cAMP (P+8CPT), 0.7 mM palmitatate supplemented with 100 nM glucagon (P
+G) and 0.7 mM palmitatate supplemented with 10 μM forskolin and 100 μM IBMX (P+FI)
for 24 hrs (n=3). *: p<0.05; **: p<0.01; ***: p<0.001.
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Fig. 3.
(A) Apoptotic and necrotic labeling by PI (propidium iodide) and Alexa Fluor-488 conjugated
annexin V for cells in control, 0.7 mM palmitatate (P), 0.7 mM palmitatate supplemented with
100 μM IBMX (P+I), 0.7 mM palmitatate supplemented with 1 μM forskolin (P+F), 0.7 mM
palmitatate supplemented with 1 μM 8CPT-2Me-cAMP (P+8CPT), 0.7 mM palmitatate
supplemented with 100 nM glucagon (P+G) and 0.7 mM palmitatate supplemented with 10
μM forskolin and 100 μM IBMX (P+FI) for 24 hrs. Early apoptotic cells: PI− annexin V+ cells;
late apoptotic cells: PI+ annexin V+ cells; necrotic cells: PI+ annexin V− cells (n=3). (B)
Apoptotic and necrotic labeling by PI (propidium iodide) and Alexa Fluor-488 conjugated
annexin V for cells in control, control supplemented with FI (ctrl+FI), 0.4 mM palmitate (0.4P),
0.4 mM palmitate supplemented with FI (0.4P+FI), 0.7 mM palmitate (0.7P), 0.7 mM palmitate
supplemented with FI (0.7P+FI), 0.7 mM oleate (0.7O) and 0.7 mM oleate supplemented with
FI (0.7O+FI) for 24 hrs (n=3).
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Fig. 4.
Cell cycle analysis of cells treated with desired medium. (A) In control for 24 hrs (ctrl). (B) In
control supplemented with 10 μM forskolin and 100 μM IBMX (FI) for 24 hrs (ctrl+FI). (C)
In 0.7 mM palmitate for 24 hrs (P). (D) In 0.7 mM palmitate supplemented with FI for 24 hrs
(P+FI). (E) Quantification of cells in sub-G1, S and G2/M phases 12 hrs and 24 hrs after
treatment (n=3). *: p<0.05; **: p<0.01; ***: p<0.001.
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Fig. 5.
(A-H) Triglyceride storage by Oil Red O staining for cells in (A) control, (B) 0.7 mM oleate,
(C) 0.7 mM linoleate, (D) 0.7 mM palmitate, (E) control supplemented with 10 μM forskolin
and 100 μM IBMX (FI), (F) 0.7 mM oleate supplemented with FI, (G) 0.7 mM linoleate
supplemented with FI and (H) 0.7 mM palmitate supplemented with FI for 24 hrs (n=3). (I)
Quantification of triglyceride levels by an assay for cells in control, 0.7 mM oleate and 0.7
mM palmitate without (w/o) or with (w/) FI for 24 hrs (n=4). (J) Apoptotic and necrotic labeling
by PI (propidium iodide) and Alexa Fluor-488 conjugated annexin V for cells in 0.7 mM
palmitate and 0.7 mM palmitate supplemented with FI in the absence or presence of free fatty
acid oxidation inhibitor etomoxir (n=3). *: p<0.05.
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Fig. 6.
(A) Mitochondrial mass fold change of cells in control, 0.7 mM oleate and 0.7 mM palmitate
without (w/o) or with (w/) 10 μM forskolin and 100 μM IBMX (FI) for 24 hrs (n=3). (B)
Mitochondrial mass fold change of cells in control and 0.7 mM palmitate without (w/o) or with
(w/) FI for 5 hrs, 12 hrs and 24 hrs (n=3). *: p<0.05; **: p<0.01.

Zhang et al. Page 19

Exp Cell Res. Author manuscript; available in PMC 2011 March 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7.
(A-D) Mitochondrial morphology of cells in (A) control, (B) control supplemented with 10
μM forskolin and 100 μM IBMX (FI), (C) 0.7 mM palmitate and (D) 0.7 mM palmitate
supplemented with FI for 24 hrs (n=3). (A-B) exhibited elongated and tubular structure, while
(C-D) displayed short and disconnected morphology. (E) Quantification of the percentage of
cells with fragmented mitochondria as displayed in (A-D) (n=3). *: p<0.05; ***: p<0.001. (F-
I) Immunostaining of mitochondria (red), Smac (green) and nucleus (blue) for cells in (F)
control, (G) control supplemented with FI, (H) 0.7 mM palmitate and (I) 0.7 mM palmitate
supplemented with FI for 24 hrs (n=3).
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Fig. 8.
(A) Caspase 3 activity of cells in control (ctrl), 0.2 mM palmitate (0.2-P), 0.4 mM palmitate
(0.4-P), 0.7 mM pamitate (0.7-P), 0.7 mM oleate (0.7-O) and 0.7 mM linoleate (0.7-L) without
(w/o) or with (w/) FI for 24 hrs (n=4). (B) Apoptotic and necrotic labeling by PI (propidium
iodide) and Alexa Fluor-488 conjugated annexin V for cells in control (ctrl) and 0.7 mM
palmitatate (P) in the absence or presence of FI and/or 10 μM pan-caspase inhibitor Z-VAD-
FMK (ZVAD) for 24 hrs. Early apoptotic cells: PI− annexin V+ cells; late apoptotic cells:
PI+ annexin V+ cells; necrotic cells: PI+ annexin V− cells (n=3). *: p<0.05; **: p<0.01; ***:
p<0.001.
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Fig. 9.
(A) Mitochondrial superoxide labeling for cells in control and (B) cells treated with 0.7 mM
palmitate for 24 hrs. Arrow heads denotes short and disconnected mitochondria which have
higher superoxide levels (n=3). (C) Mitochondrial superoxide levels fold change for cells in
control and 0.7 mM palmitate without (w/o) or with (w/) 10 μM forskolin and 100 μM IBMX
(FI) for 5 hrs, 12 hrs and 24 hrs (n=4). (D) Cellular ROS levels fold change for cells in control
and 0.7 mM palmitate without (w/o) or with (w/) 10 μM forskolin and 100 μM IBMX (FI) for
5 hrs, 12 hrs and 24 hrs (n=3). (E) Apoptotic and necrotic labeling by PI (propidium iodide)
and Alexa Fluor-488 conjugated annexin V for cells in control, 0.7 mM palmitate (P) and 0.7
mM palmitate supplemented with 10 μM forskolin and 100 μM IBMX (FI) in the presence of
ROS inhibitors (n=3). D: hydroxyl radical inhibitor DMU; CA: hydrogen peroxide inhibitor
catalase. *: p<0.05; **: p<0.01; ***: p<0.001.
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